The development of next generation medicines demand more sensitive and reliable label free sensing able to cope with increasing needs of multiplexing and shorter times to results. Field effect transistor-based biosensors emerge as one of the main possible technologies to cover the existing gap. The general trend for the sensors has been miniaturisation with the expectation of improving sensitivity and response time, but presenting issues with reproducibility and noise level. Here we propose a Fin-Field Effect Transistor (FinFET) with a high heigth to width aspect ratio for electrochemical biosensing solving the issue of nanosensors in terms of reproducibility and noise, while keeping the fast response time. We fabricated different devices and characterised their performance with their response to the pH changes that fitted to a Nernst-Poisson model. The experimental data were compared with simulations of devices with different aspect ratio, stablishing an advantage in total signal and linearity for the FinFETs with higher aspect ratio. In addition, these FinFETs promise the optimisation of reliability and efficiency in terms of limits of detection, for which the interplay of the size and geometry of the sensor with the diffusion of the analytes plays a pivotal role.
Introduction
Silicon nanowire-field effect transistors (SiNW-FETs) are one of the candidates to be among the building blocks of the next generation molecular diagnostic devices as they offer label-free detection, are miniaturized and thus can be integrated on a microfluidic platform for rapid and low-cost assay [1] [2] [3] . Their three-dimensional configuration makes them more efficient than planar FETs to detect ultra-low concentrations of analytes due to a better gating effect [4] [5] [6] . There is a second advantage linked to their geometry. The species contributing to the sensing signal are detected after binding to the functionalized surface of the device depleting the medium, which creates a concentration gradient. In order to reach the equilibrium signal the analytes must diffuse and bind to the surface of the sensor. At low concentrations, the diffusion of the molecules towards the sensor requires longer incubation times to reach the limits of detection that provide a readable signal. In a planar sensor, like a traditional ISFET, the remaining analytes can only diffuse in one dimension perpendicular to its surface. In SiNWs the diffusion occurs in the two dimensions perpendicular to the wire (hemicylindrical), which results in a much faster adsorption of analytes [7] [8] [9] . SiNWs have shown low limits of detection for different biomarkers comprising DNA [10] [11] [12] [13] [14] and proteins [2, [15] [16] [17] in different media including biological fluids [18] [19] [20] [21] and tissues [22, 23] . Owing to the well-known nanofabrication methods, and low operational power, Si NW-FETs can be easily integrated into CMOS chips where transducers and necessary circuits for signal processing are integrated on a single chip [2, 10, 15, 24] .
Such devices bring promises in order to have cost effective point of care (POC) and highly multiplexed sensors for personalised precision medicines [25] .
The transducing response of SiNW-FET is faster than the diffusion and binding, which would qualify them for real-time sensing. However, the main limitation for real-time measurement is the Debye screening, which causes a limitation of the sensing region due to the counter-ions present and shielding the species at high ionic strength electrolytes [26, 27] . For this reason, many of the experiments reported in literature do not measure in physiological conditions, and consist first of an incubation step followed by washing and measurement at lower ionic strengths, which results in an end-point result detrimental for the biological potential of SiNW's because they cannot evaluate kinematic constants like the molecular affinity [28] [29] [30] .
Regardless of all their perspectives and the intense research activities during the last decades, SiNW-FET still have not been introduced into any clinical application, mainly due to their problems of repeatability and reliability. Due to their small size, they are intrinsically sensitive to the fabrication defects and the more difficult to control functionalisation of bio-receptors that bring fluctuations in the transport that in the case of NWs propagate along the conduction channel. Current approaches are directed to improve the fabrication methods and the material reliability from the quality control on larger production batches [5, 31] and the control of composition homogeneity of the dielectric sensitive layer [32] [33] [34] . However, the current trend is the miniaturisation of NWs to exploit the advantages of small size and the three dimensional geometry, disregarding the difficulties to achieve reliable homogeneous functionalisation in single devices with few tenths of nanometres. Due to the small cross section of the conductive channels, SiNWs carry relatively small currents, which makes their integration also more difficult due to the required voltage necessary to polarise high resistive devices. The requirements of more accurate instrumentation in small devices, together with their lack of reliability increases their production costs that cannot cope with the required quality control that would be necessary. NW arrays measured in parallel can increase the total signal, and mitigate some of the lack of reliability due to the averaged device variability, but this increases the overall device footprint, which limits their efficiency at low analyte concentrations in diffusion-limited processes [7] [8] [9] 35] and jeopardizes the viability of massive multiplexing due to the increase of footprint.
In this work we approach the problem from the point of view of the design by combining advantages of nano-sensors with the reliability of planar devices, being able to keep the advantages of three dimensional bio-sensors. We propose a novel Fin configuration for a FET with a high aspect ratio of width (W) and height (h) of the device. expected during the dynamic range, the physical aspect ratio h:W and the electrostatic parameters specifying the channel doping, the dielectric constant and the thickness of the oxide are related. This relationship between the shape of the device and the electrostatic parameters has deep consequences for the performance of the wire in terms of total signal and linearity. We tested the operation of the FinFET against pH sensitivity. Our p-doped FinFETs work in depletion mode for positive charges like protons.
Considering the doping density of the starting SOI substrate, we designed our wires to switch from fully conductive (no depletion) to nearly fully depleted in a pH range of ~ 8 units (represented in fig. 1 (b) ). The larger total surface area compared to SiNWs decreases the impact of surface defects. The chosen configuration of FinFET provided a larger cross-section compared to traditional NWs (or NW arrays) responsible for a large output current with an improved linear response. The improvement in the output current would contribute to a higher signal to noise ratio and the 2D conductivity of the vertical Fin would improve the reliability decreasing the sensitivity to local defects. We argue with geometrical reasons linked to the diffusion time that the increased size of our sensor along the height with respect to NW's would not decrease significantly the detection limits. Finally, the increased size in the vertical direction enhances the total surface area of the sensor, which would increase also the reliability towards bio-functionalisation. ) and a 1 μm thick buried SiO2 procured from Ultrasil Corporation.
Results and discussions
The overall fabrication process is illustrated in fig. 1 The SiO2 surface of our wires is sensitive to the proton concentration, which changes the potential at the interface (Ψ0) depleting the channel region of positive carriers. The non-depleted region contributes to the conductance with an ohmic contribution so that the total conductance is calculated from the remaining cross section, length and conductivity of the non-depleted region using a Nernst-Poisson model (we present detailed description in supporting information SI 6). In order to find the working range of drain source (Vds) and reference electrode (Vref)
voltages in which the response of the devices can be described in terms of ohmic contribution of the non-depleted region we run an electrical characterization at neutral pH. The drain source currents (Ids's) from the three devices were recorded within Vds between -300 and 300 mV at different fixed values of Vref between -300 and 300 mV separated by steps of 100 mV (details of the electrical characterization and data from a representative device is shown SI 3-4). We observed a linear behaviour of the output characteristics in Vds voltages around the range between -100 and 100 mV at Vref between -200 and 200 mV. We restricted our study to a more conservative working range for Vds between of -50 to 50 mV where our samples regardless the low working potentials, exhibited a good signal to noise ratio. As expected from the Nernst-Poisson model, Ids increased with lower Vref due to the attraction of negative potentials on the positive carriers. From these results we identified the working range within -50 < Vds < 50 mV and -200 < Vref < 200 mV where the electrical transport of the FinFET devices can be described by the ohmic contribution of the non-depleted region using a Nernst-Poisson model.
A. Transfer characteristics of pH response
After the neutral pH characterization of the FinFET devices, they were deployed for electrolyte pH sensing.
We measured the transfer characteristics sweeping Vref at a fixed Vds (50 mV) and varying the electrolyte pH by manual titration from acidic towards basic values. Nernst limit is ̴ 59 mV/pH) [37, 38] . In our case this could be due to defects introduced during the growth of the sensing oxide since we could not use a dedicated chamber for the process. The change in Ψ0 was ̴ 175 mV in the studied pH range in all devices, which at the working point of Vref = 0 is falling within the working range that was chosen in characterisation of the devices at neutral pH.
B. Output characteristics of pH response
The the investigated pH range, but with a total variation of ΔG% of 2% in the pH range 4 to 9 it could still be considered more linear than NWs found in literature, with variation of ̴ 12% in the same pH range [1, 39] . As shown in fig. 1 (a) and (b) in our case with aspect ratio above 10, the depleted region (Wd) affects the conductance in the horizontal direction (along the width) but its effect is negligible in the vertical direction (along the height of the device the relative change (h-Wd)/h is much smaller than the change (W-Wd)/W). These results suggests that due to the improved linearity, these devices could be measured by using their output characteristics rather than their transfer, since the small dimensions enhance the sensitivity in terms of ΔG%.
C. Theoretical and experimental data correlation
In fig. 4 (a) the conductance of the FinFET device 2 (width of 170 nm) versus the change in the surface potential is shown as black dots (showing the equivalent pH change in the top scale). We considered device 2 since its transfer characteristic allows the comparison with our Nernst-Poisson electrochemical model (details of model in SI 6) in a wider range where the behaviour of the flat-band potential changed almost linearly with the pH and the dependence of Ψ0 can be described with the Nernst equation [13] :
where k, T and q are the Boltzmann constant, absolute temperature and elementary charge, respectively. To analyse the response of our sensors with respect to traditional NWs, we compared the measured results of the FinFET with calculations on a device with an aspect ratio h:W equal to 1:1 therefore with a square cross section.
The curve calculated with the same parameters obtained for the FinFET is also shown in red in figure 4 (a). As expected, the response of the NW is much lower as the curve is nearly flat for the considered change in surface potential. Essentially we observed that the conductance of the FinFET is proportional to the cross-section and thus to the aspect ratio.
In figure 4 (b) we show the conductance normalized to the cross-sectional area from the simulations with aspect ratios 13 and 1 (blue and red, respectively). This is equivalent to comparing our device with the signal from a NW array of 13 wires that would reach approximately the same cross section. The curves have been extended beyond the experimental range to show the effect where the devices would be fully conductive (WD = 0) and fully depleted (2WD = W) with the dotted part of the graphs. Both devices have the same dynamic range because the depleting region is the same, and since they have the same width the electrical transport is closed at the same Ψ0. In addition to the enhanced current shown in fig. 4 (a), in this case we note that the FinFET offers an increased linearity. The reason of the increase linearity was anticipated during the explanations of the changes in the relative conductivity.
In the nanowire the depletion has the same relevance in the two physical dimensions of the wire (W and h), meanwhile in the FinFET the depletion in the direction of the width has a bigger impact in the conducting cross section. The doping density, the dielectric constant and thickness of the oxide determine the dynamic range in which the sensor switches from fully conducting (WD = 0) to fully depleted (2WD = W), which establishes the link between the physical aspect ratio and the electrostatic parameters. Comparing the two devices, we can conclude that while an array of 13 NWs in parallel would provide similar current, the FinFET has an improved linearity using a smaller footprint, without any sacrifice of the sensitivity of the FinFET in an equal pH range.
D. Drift and response time
We studied the current versus time characteristics of device 2 (width of 170 nm) implementing a real-time drain current measurement at fixed Vds (200 mV) and Vref (0 V). At a fixed pH 3 Ids was stable over 3000 seconds time with observed drift lower than 1 nA (ca.1.5%) (data shown in SI 7). The pH of the electrolyte was also changed in a range from ~3 to ~11 in multiple cycles to study the hysteresis. We observed a change between cycles with maximum value of 15 nA evaluated at pH 3, which is similar to other values reported for SiO2 pH ISFETs [38, 40] .
Additionally, we carried out pH measurements in which the sensor was swapped between solutions with different pH values. During these experiments, the temperature of the electrolytes was kept close to 0 °C using an ice bath to slow down the diffusion of ions in solution. The FinFET response was reproducible when the pH of the electrolyte was swapped several times from the solution at 10.5 to lower pH solutions in a range from 9.4 to 3.1 (Fig (5 (a) ). During these measurements, the current of the sensor reached equilibrium after a settling time lasting several seconds, which was also reported in other pH sensing FETs in literature [41, 42] . Figure 5 fig. 5 (a) . The obtained real-time pH response at two different electrolyte concentrations was similar and therefore we concluded that the change in electrolyte concentration has a negligible influence [43] .
We interpreted the settling time as an effect of the proton diffusion. As described in the introduction, the analytes adsorbed by the sensing substrate create a concentration gradient in the solution. In our case when the FinFET is introduced from the higher pH solution into the lower ones the protons adsorbed create a gradient. The protons diffuse towards the oxide sensing layer until the surface saturates and the equilibrium is reached with the observed steady electrical signal. The efficiency of a sensor will depend on the sensitivity, but also on the time needed to reach the equilibrium or a significant signal for sensing. ( fig 5 (e) ) these lines are parallel to the surface of the sensor, and the diffusion occurs in one dimension, perpendicular to it. In a NW ( fig. 5 (f) ) the created lines of equal concentration are parallel to the axis of the wire, thus the diffusion occurs in the two perpendicular dimensions as function of the higher final proton concentration, which has been shown to provide a much shorter settling time than the case of the planar sensor [7] . NW arrays have a mixed behaviour shown in fig. 5 (g). At high concentrations the equilibrium is reached relatively faster and the particles provide mostly from a distance close to the sensor, shown in the area zoomed close to the NWs. In this case, the equal concentration lines are similar to the ones shown from the single wire in fig 5 (f) . However, as the concentration is lower the molecules have to diffuse from further regions. At some point, the equal concentration lines become similar to the one of the planar sensor; this effect was described as dimensionally frustrated diffusion and decreases the overall efficiency of NW arrays because it extends the settling times to unpractical limits [35] .
In accordance with Brownian motion, we calculated the associated length (LD) to the diffusion time (τ) of Opposite to NW arrays, the FinFET changes from a traditional ISFET like behaviour to a more efficient diffusion in 2D, which would provide an advantage to measure slow diffusing molecules at low concentrations.
Conclusions
We have presented a rational design of a novel FinFET device for electrochemical bio sensing in which the width W is connected to twice the depleted region in the dynamic range of the biosensor and has an aspect ratio h:W of at least 10. We fabricated different versions of these FinFETs with different aspect ratios varying the W. In this article we reported three representative devices. The developed FinFETs were characterized in liquid gate configuration and showed reproducible pH sensitivity on different devices and experimental runs. The obtained pH sensitivity response in terms of variations of Vref to obtain the flat band potential among the different FinFETs ( ̴ 22 ± 1 mV/pH) was low compared to the values reported earlier for silicon oxide sensing layer, but it was reproducible over different experimental runs and independent on device sizes. The pH sensitivity in terms of normalized variation of the conductance showed a dependence on the FinFETs width, increasing with decreasing in device size. This size dependent effect is inherent to the configuration of the developed FinFET sensor and was correlated with theoretical simulations. In addition, we characterised the device time response, observing a dependence of the settling time attributed to the diffusion of protons.
The FinFETs configuration that we presented shows a higher signal and improved linearity compared to Si NWs, and better linearity and lesser footprint than NW arrays prepared to have similar currents. Owing to the planar configuration of the conduction channel, in our device, the influence of small defects is localised and negligible on the sensor signal compared to their effects in small SiNWs. The developed high-aspect ratio FinFET-based sensors offer larger total surface area, which is advantageous for relatively homogeneous functionalization of required bio-chemical molecules in contrast to single NWs. We observed a dependence of the response time on the concentration of protons that we attributed to the diffusion. We argue that the proposed configuration of the device would be beneficial for applications where slow diffusing molecules are in low concentrations because it provides high signals while the geometry would benefit of the diffusion in several dimensions towards the sensor.
All these characteristics provide our sensor with promising advantages for improving sensing towards label free electrochemical sensing of charged biomarkers. We have set these advantages as a relation between the aspect ratio of the device and the depleted region during the dynamic range attributed to the analyte charges. Bio-functionalisation of the FinFETs is expected to provide soon quantification for all these potentials in the near future.
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